ABSTRACT In order to try to combat the effect of age on eggshell quality in aged laying hens, 5 splitfeeding treatments were compared with conventional feeding between 75 and 92 wk of age. In the conventional treatment (T1), the same morning (M) and afternoon (A) diet was fed containing fine (FL) and coarse (CL) limestone at a 50:50 ratio. In the split treatments, the ratio of FL and CL was 50:50 or 30:70, and time of administration (M/A) differed. The following treatments were given: T2 = 50FL-M:50CL-A, T3 = 50CL-M:50FL-A, T4 = 30FL-M:20FL-A+50CL-A, T5 = 30FL-M:70CL-A, and T6 = 0M:30FL-A+70CL-A. A total of 12 individually housed Dekalb white hens was used per treatment. Feed intake, nutrient intake, and laying % was lower in T1 compared to all split treatments (P ≤ 0.001). Due to this low performance in T1, split feeding could not be compared to the conventional system in this trial. By the end of the trial, eggshell quality was improved in T1 as a result of low laying % and more frequent and longer laying pauses. In the split treatments, laying % and feed intake were similar, except in T3 in which a decrease was observed after 81 wk (P ≤ 0.05). Egg weight was higher in T5 and T6 due to higher total and morning protein intake compared to T3 (P ≤ 0.05). Feeding only 50FL-A in T3 not only resulted in lower performance but also in consistently lower shell thickness, indicating a negative effect of suboptimal limestone supplementation. In the split-feeding system, the most optimal combination of morning and afternoon diet was a morning diet with only FL and an afternoon diet with only CL (T2), which both provided ∼50% of the total daily Ca intake. Shell breaking strength and dynamic stiffness could be maintained on this diet between 75 and 92 weeks. Decreasing the amount of Ca in the morning and increasing it in the afternoon did not improve shell quality traits. Bone quality was not affected by limestone particle size or inclusion level in the split-feeding system.
INTRODUCTION
Laying hens are being kept in production longer, which negatively affects shell quality (Bain et al., 2016) . In common practice, laying hens are fed one diet per d, with different diet types introduced at different phases of production. As the hens age, dietary Ca levels are increased per phase to better support shell formation (Leeson and Summers, 2009 ). In aged laying hens, efficiency of intestinal Ca absorption decreases, resulting in deteriorating eggshell quality at the end of the production cycle (Bar and Hurwitz, 1987) . Increasing the level of Ca in the diet is therefore not sufficient to maintain shell quality (Keshavarz and Nakajima 1993; Cufadar et al., 2011) .
In extended production cycles, a new feeding system may be required to address the decreasing efficiency of nutrient utilization in aged hens. Split feeding, in which different nutrients are offered at different times in the same d, might offer a solution for maintaining shell quality of aged hens in longer production cycles. The nutrient requirements vary during the course of the daily egg formation cycle (Keshavarz, 1998a) . In the first half of the d (first 5 to 6 h after ovulation) more essential amino acids are needed for albumen synthesis and shell membrane formation. The rate of protein synthesis is more than doubled when the egg is in the magnum compared to when it is located in other parts of the oviduct (Hiramoto et al., 1990) . As the egg enters the shell gland, where shell formation occurs, Ca requirement increases. A diet richer in Ca may therefore be needed during the afternoon and evening.
The form of Ca source as well as Ca content are both important in layer nutrition. Limestone, a widely used Ca supplement, is available in fine as well as coarse form. Coarse limestone (CL) particles (>0.8 mm) 88 solubilize more slowly in the gizzard, whereas fine (powdery) limestone (FL) is available for immediate absorption (Zhang and Coon 1997) . FL could therefore be an ideal supplement for hens finishing the shelling process shortly after the lights are turned on and for medullary bone formation after the eggs are laid and no eggshell is being formed yet. CL can be fed during the afternoon to allow a more constant Ca release to the plasma pool and supply Ca for longer during the night when only the crop's content and the medullary bone reserves can support shell formation.
The present study has two main aims. The first aim is to compare a conventional feeding system (in which one type of diet is provided per d) to a split-feeding system (different diets in the morning and afternoon) for their effects on performance, egg quality, and bone quality of white laying hens between 75 and 92 wk of age. The second aim was to assess different combinations of morning and afternoon diets. Diets differed in limestone particle size and inclusion level, with the goal of finding the ideal combination to preserve eggshell quality as hens age.
MATERIALS AND METHODS
All experimental procedures used in this experiment were in compliance with the European guidelines for the care and use of animals in research (Directive 2010/63/EU) and were approved by the ILVO Ethical Committee under authorization number 2014/230.
Pre-experimental Period
A total of 100 Dekalb White laying hens (73 wk) was obtained from a commercial production unit with an enriched cage housing system. During the adaptation period (2 wk), the same feed as in the production unit (3.9% Ca) was offered. During the first wk of adaptation, hens were placed in pairs in cages in order to monitor egg production. In case only one egg was produced per cage, the hens were housed separately for further monitoring of egg production. During the second wk of adaptation, 72 hens that laid daily were chosen and placed in individual cages.
Housing
Hens were housed individually in cages (0.40 m long × 0.54 m high × 0.40 m wide) in a 3-tier system. Within a tier, 6 hens housed next to each other belonged to 6 different treatments. This block of 6 hens was repeated 4 times on each tier.
The average environmental temperature was 19.14 ± 1.17
• C. Hens received 14 h light/d, with a half-hour period of increasing light intensity in the morning, starting at 7:30 and decreasing light intensity starting at 21:30. Water was available ad libitum, via drink nipples in each cage. Feed (130 g) was distributed twice daily (8:00 and 15:00) in 2 equal portions (65 g).
Experimental Treatments
The trial consisted of one conventional and 5 splitfeeding treatments (Table 1) . Each treatment had 12 replicates of individually housed hens. The conventional treatment (T1) received the same feed in the morning and in the afternoon, which contained FL and CL at a ratio of 50:50. For the split-feeding treatments, different morning and afternoon diets were used, which differed in the total daily ratio of FL and CL (50:50 or 30:70) and the time of FL and CL administration (morning, afternoon, or both). Diets for the split treatments were formulated based on a feed consumption pattern of 50% morning and 50% afternoon. Treatment 2 (T2) was the positive control in a split system receiving 50FL in the morning and 50CL in the afternoon. In this treatment, the FL:CL ratio was the same as in the conventional system (T1); only the time of administration of the limestone sources differed. Treatment 3 (T3) was a negative control in a split system: Hens received the same diets as T2, but time of administration differed, i.e., 50CL was fed in the morning and 50FL in the afternoon. This treatment was included in order to study how shell and bone quality are affected when only a highly soluble, powdery limestone source is provided during shell formation. In treatment 4 (T4), the total ratio of FL and CL was also 50:50, but in the morning, the supplemented amount of FL was reduced to 30FL, and in the afternoon the supplemented amount was increased in the form of 20FL and 50CL. Treatment 5 (T5) received the same morning diet as T4 with 30FL, but in the afternoon, all the remaining limestone was fed in coarse form (70CL). T2, T4, and T5 were included in the trial to test whether the limestone amount vs. particle size is more important in the afternoon diet of hens. In treatment 6 (T6), hens did not receive any added limestone in the morning, and Ca was supplemented only in the afternoon at a 30FL:70CL ratio. This treatment was included to investigate the effects of suboptimal limestone provision: Although hens in this treatment were provided sufficient Ca during the period of shell formation, no Ca was given for medullary bone formation in the morning. Diets offered in the conventional and the split-feeding systems were isocaloric and isonitrogenous and were formulated based on the recommendations for the breed (Table 2) . A base feed (90%) without added limestone was used and FL, CL, or both sources were added to this base in different ratios to formulate the experimental diets. The calculated Ca content of the supplemented FL and CL was 38% Ca.
Measurements
Performance Feed intake (FI) was measured per hen twice daily by calculating the difference between offered amount of feed (65 g) and feed leftovers. The morning diet was distributed at 8:00 when lights were switched on, and the afternoon diet was fed at 15:00, 7 h after lights on. Leftover feed in the morning and afternoon was always removed before distributing the other diet.
Eggs were collected 4 times daily at 8:00, 10:30, 12:30, and 16:00. The number and quality of eggs were recorded: intact, cracked, dirty, or shell-less eggs.
Individual follow-up of hens also allowed recording sequence length and the number and occurrence of pause d of each bird during the trial. Mean FI and laying % were calculated per 14-day period. Mean egg mass and feed conversion ratio were calculated between 75 and 92 weeks.
Body weight of each hen was measured individually at the start (75 wk) and at the end of the trial (92 wk).
Egg Quality Assessment During the adaptation period, internal and external egg quality was assessed for all eggs collected on 2 consecutive days. During the experimental period, egg quality was assessed on a biweekly basis on all eggs produced during 3 consecutive days. The eggs were stored for 24 h at 10
• C pending analysis. Egg weight, shell, yolk and albumen weight, shell thickness, breaking strength, dynamic stiffness, and Haugh unit were measured as described by Molnár et al. (2016) . Bone Strength and Ca and P Content Tibias were removed after euthanizing the hens by cervical dislocation. At the end of the trial, half of the hens (n = 6/treatment) were euthanized at 3 h after lights on (11:00), and the remaining hens were euthanized at 9 h after lights on (17:00). Samples were stored at -20
• C pending analysis. To determine breaking strength, the left tibias were first thawed and cleaned of all tissue. Tibias were weighed and the breaking strength was measured using a Versa testing machine equipped with a 1,000 N load cell. The force was applied to the midpoint of each tibia under a crosshead speed of 200 mm/min, with a 50 mm distance between the 2 fixed points supporting the bone. The data were recorded in kg.
For the tibia Ca and P content analysis, right tibia samples were first boiled for 30 min to remove adhering tissue and muscle, then dried in an oven for 24 h at 103
• C, weighed, and ashed. Ca and P content were analyzed according to ISO 6490-1 and ISO 6491, respectively.
Feed Nutrient Content Feed samples were analyzed for nitrogen using the Kjeldahl method as specified in the ISO 5983-2 standard (2009). Crude fat content was determined as described in the ISO 6492 standard (1999). Crude fiber content was determined as described in AOCS Approved Procedure Ba 6a-05, and ash content was determined according to the ISO 5984 standard (2002) . Feed samples also were analyzed for Ca by titrimetric method (ISO 6490-1, 1985) , for phytate P using the method of Haug and Lantzsch (1983) , and for total P by spectrometric method (ISO 6491; 1998) . Particle size of the FL and CL and the particle size of the diets were analyzed by sieving 3 subsamples of 100 g (ASAE Standard, 1995) .
Statistical Analysis
A generalized linear mixed model was used to investigate the effects on egg quality traits. Treatment, age (in 2-week periods) and their interaction were used as fixed effects. Hen was included as the random effect in the model to correct for repeated measures within hen. The performance traits, for the whole experimental period, such as egg mass and feed conversion ratio (FCR) were analyzed using a linear model with only treatment as fixed effect.
Bone strength and Ca and P content were analyzed with a similar linear model to investigate the effect of treatment and time of sampling (morning, afternoon) and their interaction. Mortality was analyzed using a logistic regression model (glm) and the occurrence of cracked eggs and shell-less eggs was analyzed using mixed logistic regression models (glmer). All other analyzed data were considered sufficiently normally distributed based on the graphical evaluation (histogram and QQ-plot) of the residuals.
These analyses also were performed without the conventional treatment. Due to low performance of the conventional treatment, it was not possible to use this treatment as a reference group. Therefore, we also analyzed the effects of split treatments alone, without the conventional treatment. Results of both analyses (with and without the conventional treatment) are reported in the text. Tables and figures present the results of the analysis in which all treatments were included.
Data were analyzed using the lm, lmer, glm, and glmer functions in R 3.1.0 for Windows. Significance was declared at P ≤ 0.05. P-values of all post-hoc pairwise comparisons were corrected using the Tukey's procedure. Results are presented as least square means (lsmeans).
RESULTS

Particle Size of Limestone Sources
Average particle size was 0.25 mm and 2.05 mm for FL and CL, respectively (Table 3 ). In the FL source, 87.49% of the particles were smaller than 0.3 mm, whereas in the CL source, 93.4% of particles ranged between 1.18 and 2.36 mm. A higher retention in the gizzard could therefore be expected from the CL source, whereas FL particles should have solubilized faster.
Feed and Nutrient Intake
As hens aged, significant changes were observed in FI. In the conventional system (T1), considerable fluctuations occurred, whereas in the split-feeding system, only small variations were noticed (treatment × age, P ≤ 0.001) (Figure 1 ). Hens in T1 consumed significantly less feed compared to all split treatments until 81 to 82 weeks. However, from 83 to 84 wk to 87 to 88 wk, an increase was observed, and FI in T1 was comparable to some of the treatments in the split-feeding system. At the end of the trial (91 to 92 wk), FI in T1 was again significantly lower compared to all splitfeeding treatments. Within the split-feeding system, FI was significantly lower in T3 compared to T2, T5, and T6 from 77 to 78 to 81 to 82 wk (P ≤ 0.05). The significant differences among T3, T2, and T5 also were observed from 85 to 86 to 89 to 90 wk (P ≤ 0.05). When T1 was excluded from the analysis, the same differences were observed between the split treatments.
Daily nutrient intake was calculated based on average morning and afternoon FI and the analyzed nutrient content of the diets (Table 4) . Low and fluctuating FI in the conventional system resulted in significantly lower daily protein, Ca, and P intake (Table 5 ) compared to the split-feeding system (P ≤ 0.001). Total nutrient intake as well as the feed and nutrient intake pattern (Ca, P, and protein) were significantly different between the conventional and split-feeding systems (P ≤ 0.001). Hens in T1 consumed 42 and 58% of feed in the morning and afternoon, respectively. In contrast, hens in the split system consumed almost equal amounts of feed in the first and second half of the d (49.1 and 51.3% of feed in the morning and afternoon, respectively).
In the split-feeding system, total daily Ca intake (g/d) was significantly higher in T2, T5, and T6 compared to T3 (P ≤ 0.05), whereas Ca intake in T4 was intermediate. The same differences were obtained when T1 was excluded from the comparison. Morning and afternoon Ca intake (%) in the split feeding system corresponded to the added limestone ratio in the different split diets (Table 5) , which indicates that the aim was met to provide different amounts of limestone in the morning and afternoon. Total daily protein intake was significantly lower in T3 compared to the other split treatments (P ≤ 0.05). When T1 was excluded from the analysis, T3 had still lower protein intake compared to the other split treatments except compared to T2. Hens in T3 received the same diet as those in T2, except the time of distribution was reversed-morning diet fed in T3 was the afternoon diet of T2 and vice versa. These diets were formulated to contain equal amounts of the base feed and to differ only in the source of added limestone (FL vs. CL), not the amount. The analyzed Ca content was similar, but analyzed protein content differed considerably in these diets (15.58% CP vs. 17.82% CP; Table 4 ). As a result, hens in T3 consumed significantly less protein in the morning (44.5%) and significantly more in the afternoon (55.5%) compared to the other split treatments (P ≤ 0.001). Hens in T6 had a significantly higher protein intake in the morning (56.1%) and significantly lower in the afternoon (43.9%) compared to all treatments except T5. Morning and afternoon protein intake of T2, T4, and T5 was comparable and closer to the ratio of 50:50.
Total daily P intake in the split-feeding system was significantly lower in T3 and T6 compared to T4 and T5, whereas P intake in T2 was lower compared to T5 but higher compared to T3. When T1 was excluded from the analysis, the same differences were observed, except that T2 and T3 did not differ significantly in daily P intake. Morning P intake in T3 was significantly lower (44%) compared to the other split treatments, whereas in the afternoon it was significantly higher (56%), as also was observed for protein intake. In the other split treatments, morning and afternoon P intake was closer to 50:50. 
Performance
As hens aged, changes in laying % differed among the different dietary treatments (age × treatment interaction, P ≤ 0.001). At the start of the trial (75 to 76 wk), laying % did not differ significantly among the dietary treatments (Figure 2) . From 77 to 78 wk of age onwards, laying % in T1 decreased and stayed significantly lower compared to the split treatments until 83 to 84 wk. At 85 to 86 wk, laying % in T1 increased to a level comparable with all split treatments. However, from 87 to 88 wk onwards, laying % in T1 significantly decreased again, and at 91 to 92 wk, it was significantly lower compared to all split treatments, except T3.
This decline was due to longer (5.3 d) and more frequent (25.3) laying pauses in hens in the conventional feeding system compared to T2, T4, and T5 in the split-feeding system (Table 6 ; P ≤ 0.001). Sequence length in the conventional system was also shorter (4.2 d) compared to all split treatments (12.2 to 29.4 d) (P ≤ 0.001). Within the split system, all treatments had a comparable laying % until 81 to 82 wk, when T3 had a significantly lower laying % compared to T2 (P = 0.033). This decreasing trend continued to the end of the experiment: at 89 to 90 wk, laying % in T3 was significantly lower compared to T2, T4, and T5 (P ≤ 0.05). At 91 to 92 wk, the difference between T3 and T4 was still significant (P = 0.013).
When T1 was excluded from the analysis, the interaction between age × treatment became non-significant. However, both treatment (P ≤ 0.001) and age (P ≤ 0.001) had significant effects on mean laying %. This was lower in T3 compared to all split treatments except T6, and it decreased in all treatments as hens aged.
Egg weight was significantly affected by an interaction of age × treatment during the experiment, also when T1 was excluded from the analysis (P ≤ 0.001; Figure 3 ). Egg weight in T1 was significantly lower than that in T5 and T6 (P ≤ 0.05) at 76 and 82 weeks. Within the split system, T6 resulted in significantly higher egg weight compared to T3 between 78 and 82 wk and 86 and 88 wk (P ≤ 0.05). Furthermore, egg weight in T5 was also significantly higher than that of T3 at 76, 80, 86, and 88 weeks. Egg weight in the other split treatments (T2 and T4) did not differ significantly from the other dietary treatments during the experiment. As hens aged, egg weight significantly increased in T1, T5, and T6, whereas egg weight did not change in T2, T3, or T4 between 76 and 92 weeks.
Consequently, conventional feeding resulted in significantly lower performance compared to all split treatments: lower egg mass (36.56 g) (P ≤ 0.001) and higher FCR (2.482) (P ≤ 0.05). Within the split system, egg mass was significantly lower in T3 (47.76 g) compared to T2, T4, T5, and T6 (58.21 g, 58.53 g, 59.85 g, 57.97 g, respectively) due to the low laying % and egg weight in T3. When T1 was excluded, the same differences were observed between the split treatments. FCR in T3 was significantly higher (2.131) compared to T4, where the lowest FCR was obtained (1.803). FCR of T2, T5, and T6 did not differ from the other split treatments (1.888, 1.868, and 1.898, respectively). However, when T1 was excluded, FCR was lower in all split treatments compared to T3 (P ≤ 0.001). Incidence of cracked and shell-less eggs was 4.27 and 1.24% during the whole experimental period, respectively, with no effect from dietary treatment.
Mortality rate was 10% between 75 and 92 wk; it was not affected by treatment during the trial.
Body Weight
Body weight of hens did not differ at 75 wk of age; however, by the end of the experiment, considerable decrease was found in all treatments (Figure 4) . Body weight of hens in T1 and T3 was significantly lower compared to the other split treatments at 92 weeks. The decrease in T1 was significantly higher compared to all treatments, except T3. In T3 the decrease in body weight was significantly higher compared to T2 and T5.
The same results were obtained when T1 was excluded from the analysis.
Time of Laying
Hens in T2 tended to lay more eggs shortly after lights on (8:00) compared to hens in T6 and T5 (P = 0.098 and 0.045, respectively; Figure 5 ). Between 8:00 and 10:30, significantly more eggs were laid in all split treatments compared to the conventional treatment (P ≤ 0.001). Between 10:30 and 12:30, no differences were found between treatments: 20 to 26% of the eggs were laid during this period. However, in the afternoon, from 12:30 to 16:00, hens in T1 laid significantly more eggs compared to all split-feeding treatment (P ≤ 0.001). Number of eggs laid in the morning (by 10:30) was markedly higher in the split treatments than in the conventional treatment (60.65 vs. 38.1%, respectively).
Bone Quality
Interaction between dietary treatment and time of sampling was not significant; therefore, only main effects are reported for bone quality (Table 7) . There were no differences among dietary treatments in breaking strength or Ca or P content. However, time of tibia sampling did affect Ca and P content of the bone. Tibias of hens collected earlier in the d contained less Ca and P compared to those collected in the afternoon (P = 0.027 and P = 0.032, respectively). The same effects were found when the analysis was performed without T1.
Egg Quality
The relative weight of egg components did not differ in the dietary treatments compared within a 2-week period. As hens aged, different changes were observed in relative yolk weight due to significant age × treatment interaction (P ≤ 0.001). In T1, eggs contained relatively less yolk (25.8 to 26.5%) at 84 to 88 wk compared to those laid at 92 wk (28.2%) (P ≤ 0.05). In contrast, in T4, higher relative yolk weight (28.9%) was observed at the start of the trial at 78 wk compared to 88 to 90 wk (27.3 to 27.7%) (P ≤ 0.05); although significant, this difference was negligible. In T2, T3, T5, and T6, relative yolk weight did not change as hens aged (data not shown). When the analysis was performed without T1, the same effects were found in the split treatments.
In general, relative shell weight decreased in all dietary treatments as hens became older (data not shown), but it occurred at different ages in the different dietary treatments (treatment × age interaction, P = 0.006). In the conventional system, relative shell weight of eggs was lower at 90 and 92 wk of age (11.3 to 11.4%) compared to at 88 wk (12.3%). In the split treatments, however, a significant reduction was noticed already at 82 wk (11.1 to 11.5%) compared to the start of the experiment at 76 wk (11.9 to 12.2%). In T3 and T6, a further decrease was found at 90 wk of age (10.8 to 11.0%), whereas in T2, T4, and T5, a further significant decrease occurred only at 92 wk of age (10.4 to 11.1%) compared to the period between 76 and 80 weeks. However, when T1 was excluded from the analysis, the interaction effect of age × treatment on relative shell weight became non-significant. Regardless of the treatment, aging of hens affected this shell quality trait negatively (P ≤ 0.001).
Relative albumen weight increased in all dietary treatments as hens aged, and also when T1 was excluded from the analysis (P ≤ 0.001). Eggs laid at 76 to 80 wk contained relatively less albumen (60.0 to 60.7%) compared to those laid at 90 to 92 wk (61.3 to 61.6%).
Haugh unit significantly decreased as hens aged (P ≤ 0.001). The same effect was observed when the analysis was performed without T1. Haugh unit of eggs was 82.73 at 76 weeks. At 86 wk, a significant decrease was observed (77.65) with a significant further reduction (72.00) at 92 weeks. Dietary treatments did not affect this quality trait during the experiment (P = 0.504).
Shell Quality
Although relative shell weight was similar in all dietary treatments when compared at a certain age, other shell quality traits such as shell thickness, breaking strength, and dynamic stiffness were affected by significant interaction effects of age × treatment (P ≤ 0.001; Figure 6 ). Shell thickness in the conventional feeding system (T1) was significantly lower compared to the split treatments (P ≤ 0.01), except T3 at the start of the trial (76 wk). At 84 and 88 wk of age, however, eggs produced in the conventional system had significantly thicker shells compared to those in T6 and T3 (P = 0.014 and P = 0.023, respectively). Shell thickness in the split treatments did not differ significantly throughout the experiment. As hens aged, shell thickness in T1 improved. Eggs produced at 88 wk had thicker shells compared to those laid at 76 to 78 wk of age (P ≤ 0.05). In the split system, in T3 and T5, shell thickness stayed stable, whereas in T2, T4, and T6, significant changes were observed during the experiment. In T2, eggs produced at 84 and 86 wk had thinner shells compared to those at 78 wk (P ≤ 0.05).
In T4, shell thickness was lower at 84 wk compared to 80 wk (P = 0.007). However, between 86 and 92 wk, shell thickness in T2 and T4 did not differ from the thickness at the start of the experiment. In T6, a significant decrease was observed not only at 84 wk but also at 90 wk compared to the start of the trial (76 to 80 wk) (P ≤ 0.05). When T1 was excluded, the age × treatment interaction became non-significant. Treatment tended to affect only shell thickness (P = 0.064), while the effect of age was significant (P = 0.039). In all split treatments, shell thickness decreased as hens aged, but eggs produced in T2 tended to have thicker shells compared to those in T3.
Breaking strength of eggs at 78 wk in T1 was significantly lower compared to that in T2, T4, and T6 (P ≤ 0.05; Figure 6b ). At the end of the trial (92 wk), significantly higher breaking strength was observed in T2 compared to that in T5 (P = 0.013). In T1, significantly improved shell breaking strength was observed between 82 and 90 wk compared to at 78 wk, which confirms the improvement found in shell thickness of eggs in this treatment. Aging did not have a negative effect on this quality trait in T2, T3, or T6. In contrast, a,b Values presented per age without a common superscript differ significantly (P ≤ 0.05).
* P ≤ 0.05; * * P ≤ 0.01; * * * P ≤ 0.001. P-values indicate differences among treatments per age.
Figure 6
Continued. a significant reduction was noticed in T4, where shell strength was lower at 92 wk of age compared to at 78 wk of age (P = 0.012) and in T5, in which eggs produced at 92 wk had a lower breaking strength compared to those laid between 76 and 82 wk (P ≤ 0.05). When the analysis was performed without T1, the age × treatment interaction effect was not significant; only a tendency was found (P = 0.082). Shell breaking strength in T2 tended to be higher compared to T3 at 78 wk and compared to T5 at 92 weeks. Aging did not have a negative effect on this quality trait in T2 or T3. In contrast, a reduction was noticed in T4, T5, and T6. Dynamic stiffness of eggs differed significantly among dietary treatments at 76, 84, 88, and 92 wk of age. At 76 wk, eggs produced in T1 had a lower dynamic stiffness compared to T4 (P = 0.049; Figure 6c ). By 84 wk, dynamic stiffness in T1 increased, and it was significantly higher compared to T5 (P = 0.038). At 88 wk, significantly higher dynamic stiffness was found in T2 compared to T5 and T6 (P ≤ 0.05). At the end of the trial (92 wk), dynamic stiffness was higher in T1, T2, and T4 compared to T5 (P ≤ 0.05). As hens aged, dynamic stiffness of eggs in the conventional system significantly improved at 84 wk, which confirms the effects found in breaking strength of eggs. In the split system, dynamic stiffness did not change in T2, T3, or T4. In T6, however, eggs at 88 wk had a significantly lower dynamic stiffness compared to those at the start of the trial (76 to 78 wk). In T5, eggs produced at 86 wk had a higher dynamic stiffness compared to those at 88 and 92 wk of age. When T1 was excluded, the same differences were found between the split treatments at 88 and 92 wk of age, and also the same effects of age were observed in the split treatments, as the age × treatment interaction was significant (P ≤ 0.001).
DISCUSSION
The first objective of this experiment was to compare conventional and split feeding in terms of effect on performance, egg quality, and bone quality of white Llaying hens between 75 and 92 wk of age. Low and fluctuating feed consumption and laying % and long and frequent laying pauses in the conventional feeding system indicate that this treatment cannot serve as a reference group for the split-feeding treatments. Therefore, the comparison between the conventional and split-feeding system cannot be made in this paper. In the first 2 wk of the experiment (76 to 78 wk), laying % in the conventional treatment was still comparable to the split treatments, but low nutrient intake could not support this level of production, leading to a decline in laying %. Body weight also declined considerably in hens fed the conventional diet. Nutrient content analysis of the experimental diets revealed 1.74% lower crude protein content in the conventional diet (14.39%) than calculated (16.13%). However, previous studies investigating the effect of different protein levels did not report adverse effects on feed consumption and laying % as those observed here (Penz and Jensen, 1991; Bunchasak et al., 2005) . The reason for this performance in the conventional system remains unclear. In addition to low performance, improved shell quality was observed in the conventional system, with higher shell thickness and breaking strength by the end of the experimental period (92 wk). This effect is supposedly the consequence of long and frequent laying pauses rather than the conventional feeding treatment itself (Waldroup and Hellwig, 2000) . The statistical analysis performed without the conventional treatment resulted, in general, in similar findings as the analysis performed with all treatments, including the conventional. This suggests that including the conventional treatment in the statistics did not have an effect on the relationship of the split treatments.
The second objective of the experiment was to test 5 combinations of morning and afternoon diets in the split-feeding system to find the combination that best addressed the negative effect of age on eggshell quality.
The amount of limestone, its particle size, and the time of its supplementation all affected performance and eggshell quality in the split-feeding system. Feeding 50CL in the morning and 50FL in the afternoon (T3) had a negative effect on FI and egg weight; laying % also declined after 82 weeks. In addition, body weight was also lower at the end of the experiment in this split treatment compared to the other treatments in the split system. Shell thickness was also consistently lower compared to the other split treatments. In contrast, feeding 50FL in the morning and 50CL in the afternoon (T2) resulted in higher FI and laying %. Hens in T2 and T3 received the same amount of Ca in the morning (4.43%) and afternoon (4.18%) but in different forms (FL vs. CL) . Due to lower FI, total Ca intake of hens in T3 was lower compared to T2 (4.08 g/d and 4.68 g/d, respectively), but this intake level is still above NRC recommendations (3.75 g/d). Compared to ISA recommendations (4.3 to 4.6 g/d), however, Ca intake of T3 was just below the minimum required level. It should also be noted that hens in T3 had overall lower nutrient intake compared to T2, which could also have resulted in lower performance and body weight. However, in the first 2 wk of the experiment (75 to 76 wk) laying % in T3 was still comparable to all the split treatments despite lower FI. This suggests that in the case of suboptimal limestone supplementation (as in T3), hens could adjust their rate of lay; they kept producing eggs but fewer and of lower quality. However, they also had to utilize their body reserves to maintain egg production. Therefore, not only limestone particle size but also the time of supplementation can affect egg production and quality.
The positive effects of CL on shell quality has been reported as compared to feeding only FL (Guinotte and Nys, 1991; Lichovnikova, 2007; Pelicia et al., 2009) . We expected that not only limestone particle size but also its amount in the afternoon diet could affect shell quality traits. Therefore, in the different afternoon diets of the split treatments, limestone level was increased in order to provide more Ca for the time of d when absorption and requirement for shell formation is higher. We hypothesized that increased Ca intake would have beneficial effects on shell quality. In T2, the afternoon diet supplied 51.17% of the total daily Ca intake in the form of CL. This amount was increased in the afternoon diet to 63.42% in T4 and 63.11% in T5. In T4, 2 limestone sources were used (20FL+50CL), whereas in T5, only 70CL was given. Shell quality analysis indicated that 50CL was sufficient in the afternoon diet (T2), and additional limestone did not improve shell quality. In fact, feeding 70CL in the afternoon (T5) resulted in lower breaking strength and dynamic stiffness at 92 wk compared to feeding only 50CL (T2).
In T6, an even higher amount (93.32%) of the total daily Ca was supplied in the afternoon diet, as both limestone sources (30FL:70CL) were provided exclusively in the afternoon. Providing a high Ca level diet (8.45%) in the afternoon in a combination with a low Ca level diet (0.58%) in the morning (T6) did not have beneficial effects on shell quality, despite higher Ca availability in the afternoon during shell formation. This is in contrast with the findings of Lee and Ohh (2002) who found that reduced Ca level in the morning (0.5%) and increased level in the afternoon (9.5 or 12.5%) resulted in higher shell thickness and breaking strength compared to a constant Ca level (3.5%). In contrast, De los Mozos et al., (2014) investigated the effect of providing the majority of the Ca in the afternoon but did not find any improvement in shell quality compared to the conventional diet with a constant Ca level. Keshavarz (1998b) also found that even Ca intake in the afternoon and evening in excess of the normal requirement for this period does not result in beneficial effects on shell quality. In contrast, morning requirements might be underestimated. The finding that 50FL in the morning and 50CL in the afternoon diet (T2) resulted in better shell quality (breaking strength and dynamic stiffness) compared to 30FL and 70CL (T5) indicates that white laying hens did need more Ca in the morning. The morning diet was distributed at 8:00, and most of the eggs were laid before 12:30. This means that during the first 4.5 h of the d, hens in T2 had more Ca available from FL to use for the last phase of shell formation compared to hens in T5. Hens in T3 also had more Ca available in the morning diet compared to T5, but it was all provided as 50CL. Perhaps coarse particles in the morning diet were retained longer in the gizzard and solubilized more slowly, which could also explain the thinner shells observed in T3.
Contrary to our expectations, bone quality was not affected by feeding different amounts of FL and CL at different times in the split-feeding system. This suggests that hens receiving only FL in the afternoon (T3) or hens receiving no Ca source in the morning (T6) could maintain similar total bone Ca and P content as hens receiving FL in the morning and CL in the afternoon (T2, T4, and T5). It is possible that the ratio of structural to medullary bone could differ (Dacke et al., 1993) , which would indicate higher depletion in T3 in which hens had only FL available during the night. In fact, shell thickness in T3 was consistently lower during the whole experimental period (non-significantly), which suggests that hens did rely more on their bone reserves. Sauveur (1988) suggested that the thinner the eggshell is, the higher the amount of Ca that originates from bone reserves. The differences found in Ca and P content of tibias collected in the morning or afternoon clearly demonstrate the effect of bone resorption, which takes place during the dark period to supply sufficient Ca for shell formation. Shortly after the lights go on, oviposition takes place, feed consumption commences, and dietary Ca can be used to fill in medullary bone reserves (Whitehead, 2004) .
Due to the different limestone inclusion levels in the morning and afternoon diets, protein content was also indirectly influenced in these diets. The aim was to provide the same protein level in the morning and afternoon split diets of T2 and increase the protein level in the morning for T4, T5, and T6 by adding less limestone to the diet so that hens had more protein available during albumen formation. However, the analyzed protein level of the morning diet of T2 differed considerably from the calculated protein content (17.7 vs. 16.13%). As a result, protein content in T2, T4, T5, and T6 varied by only 0.56 to 0.87%. The difference between daily feed and protein consumption of these treatments was considerable but non-significant.
In T5, total protein intake was +1 g higher compared to T2 and T4 as a result of higher daily feed intake and more protein intake in the morning. This resulted in higher egg weight in T5 (on average +1.9 to 2.5 g) compared to T2 and T4 during the whole experimental period, whereas laying % were similar in these treatments. These egg weights were much higher than those reported in Bouvarel et al. (2011) who had compiled the results of several experiments and found that one additional gram of protein per d increases average egg weight by 1.4 g.
In T6, total daily protein intake was similar compared to T2 and T4, but hens in T6 consumed a higher proportion of their daily protein intake in the morning. This resulted in higher egg weight in T6 (on average +2.3 to 2.9 g) compared to T2 and T4 during the entire experimental period. Despite the differences in total egg weight, the relative weight of egg components did not differ in the split treatments. This indicates that hens were able to secrete the same amount of yolk, albumen, and shell relative to the egg's weight in all dietary treatments. Therefore, increased egg weight (in T5 and T6) meant a proportional increase in all egg components. In a study of Lee and Ohh (2002) , split feeding with increased protein and energy level in the morning (18%, 3,040 kcal) and a decreased level in the afternoon (13.7%, 2,320 kcal or 12.3%, 2,080 kcal) compared to a control diet (16.5%, 2,800 kcal) resulted in similar feed intake, egg production, and egg weight. But hens in the split system had a lower protein and energy intake, which translates to lower feed costs. Other studies with split-feeding systems are hardly comparable due to the differences in experimental setup (Penz and Jensen, 1991, Keshavarz, 1998a,b; De Los Mozos et al., 2012) . In our experiment, the possible beneficial effects of splitting the protein ration of the diet could not be confirmed. Morning protein levels in T2, T4, T5, and T6 diets were similar and resulted in similar and overall high protein intake. This was particularly obvious in T5, in which higher egg weight and impaired shell quality were observed by the end of the experiment.
As for Ca supplementation, within the split-feeding system, the most optimal combination of morning and afternoon diets was a morning diet with only FL and an afternoon diet with only CL, which both provided ∼50% of the total daily Ca intake. Shell breaking strength and dynamic stiffness could be maintained on this diet between 75 and 92 wk of age in individually housed white laying hens. Decreasing the amount of Ca in the morning and increasing the amount in the afternoon did not improve shell quality traits.
